It is shown that the relevant spectral features which arise in the infrared spectrum of poly (3-methylthiophene) upon chemical doping or photoexcitation (i.e., in the electrically conducting form) can be properly explained by means of the effective conjugation coordinate (ECC) formalism. This theoretical dynamical model accounts for the intramolecular hopping of v electrons in the class of polyconjugated aromatic systems. A complete assignment for the infrared and Raman spectra of the polymer in the pristine state (i.e., in the insulating form) is proposed as the result of a theoretical vibrational potential function derived from semiempirical calculations on short oligomers. The dependence of the bandgap energy on the internal rotation about the inter-ring single bond is analyzed theoretically in dimers as model molecules and the results are compared with experiments.
I. INTRODUCTION
Polyconjugated organic polymers constitute a class of materials which at present is attracting the attention of many researchers because they show very large nonlinear optical responses and become good electrical conductors when suitably doped.' These technologically interesting properties make them promising candidates for materials for molecular electronics. The main target in this field concerns the understanding of the mechanism of charge transport which has been studied experimentally either by injecting charges into the system through chemical or electrochemical doping or by direct optical pumping above the energy gap with an intense external light source. Several x-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) studies have been performed to examine the electronic structure of these r-conjugated materials.26 In the pristine state rr electrons can delocalize along the quasi-one-dimensional structure of polyconjugated double bonds, thus forming a charge density wave. Its high polarizability favors large and fast nonlinear optical responses7,* and its relatively low ionization potentials (Ip), favor the doping process.
Unfortunately, many of these materials present a high sensitivity toward oxygen and moisture, which induces an irreversible degradation of its conducting properties, and most of them are poorly crystalline and also insoluble, which makes their characterization very difficult. In the past few years these initial encountered troubles have been in part overcome by the synthesis of polymers with aromatic heterocycles as building blocks and by introducing "' Author to whom correspondence should be addressed long alkyl side chain in the /? positions of the rings. However, classic structural characterization techniques in polymer science such as solid NMR spectroscopy and x-ray diffraction are still difficult to apply due to the generally low degree of crystallinity reached in the resulting materials; the only one successfully used being the vibrational spectroscopy. This last technique has played a predominant and unique role in elucidating the mechanism of charge transport and its relevance has been recently reviewed in some publications.'*" Among the newly synthesized polymers which present a high degree of processability while maintaining good electrical conductivities, poly( 3-methylthiophene) (P3MTh) has attracted a great deal of attention. Although we are aware of a few previous attempts mainly based on chemical intuition, 11*12 in this paper we wish to analyze and interpret the whole set of vibrational spectroscopic data collected for this polymer in the three states (i.e., pristine, doped, and photoexcited) in a systematic way. The analysis of the whole set of experimentally available data will be aided by the computation of a theoretical vibrational potential function for P3MTh accurate enough to reproduce the vibrational spectrum of the pristine polymer and to be used as a starting point in the dynamical model (ECC formalism) tending to account for the vibrational features of the doped and photoexcited materials.
Our work is organized in the following way: First, we present the experimental vibrational data that we wish to explain. After we calculate the minimum energy ground state geometries of a few oligomers using semiempirical methods, derive the electronic parameters associated with these structures and the dynamical parameters such as vibrational force constants and frequencies, and then transfer the force field to the calculation of the phonon dispersion curves of P3MTh as a 1D lattice. Finally, we apply the ECC theory for the understanding of the vibrational spectra of the pristine, doped, and photoexcited materials.
II. EXPERIMENT
Poly( 3-methylthiophene) films were electrogenerated on platinum electrodes (3 X 1 cm) in 0.1 M LiClO, and 0.25 M 3-methylthiophene acetonitrile solutions. Two platinum sheets (3 X 1 cm) were used as counterelectrodes at both sides of the working electrode. A one compartment electrochemical cell was used. An inert atmosphere was kept during electrogeneration by flowing argon gas through the closed cell. For the counterelectrode, a saturated calomel electrode was used. The electrical contact between reference and working electrodes was supported by a salt bridge.
The working electrode was submitted to a trapezoidal wave potential (Fig. 1) . During each anodic potential sweep the reduced polymer present on the electrode is oxidized and new monomer molecules are oxidized and polymerized. Those processes go on along the potential stop at 1700 mV for 12 s. The polymeric film is partially reduced during the cathodic sweep from 1700 to 0 mV. The addition of the electrical charge consumed along each wave (anodic minus cathodic) is the polymerization charge consumed to oxidized and polymerized new monomeric molecules. Consecutive cycles were applied to the electrode until an overall polymerization charge of 10 "C was consumed.
A 273 PAR potentiogalvanostat was used to generate the trapezoidal wave. Current-time response were recorded in a IBM-PC microcomputer.
Once generated every film was reduced in 0.1 M LiC104 acetonitrile solution by polarization at -500 mV for 1 h. Then, films were rinsed with acetonitrile and methanol, dried and removed from the electrode. Moreover, after electrochemical reduction polymer samples were immersed into a NaOH 0.5 N solution for 20 h to eliminate residual dopant. Red samples of P3MTh completely undoped to the neutral state (as revealed by absolute absence in the infrared spectrum of the so-called bipolarons bands and absorptions indicating chemical degradation of the polymer) were obtained following this procedure.
Infrared spectra were recorded at room temperature on a FTIR Perkin Elmer 1760 X spectrophotometer. The samples were studied in the form of powder embedded in a KBr pellet with 1 cm-' spectral resolution purged with argon gas. Raman spectra were measured in resonance conditions at room temperature on a Jobin Yvon U-1COO spectrometer fitted simultaneously with an Arf and Kr+ plasma lasers from Spectra Physics.
The experimental data on which we want to focus our attention are the following:
(i) The resonance Raman spectrum of pristine (reduced) P3MTh (Fig. 2) shows the following lines (in cm-'): 550 (medium); 722 (weak-medium); 880 (very weak, with a structured wing extending towards lower frequency values); 986 (weak-medium, with a satellite band centered at 1020); 1190 (weak-medium); 1205 (weakmedium); 1360 (medium); 1383 (very weak); 1470 (very strong); and 1522 (weak). Similar experimental observations has been presented by Steigmeier et al. I3 using different laser wavelengths varying from 441.6 to 632.8 nm.
(ii) Raman spectra recorded employing various laser excitation wavelengths show that when &, increases the lines centered at 1522 and 1470 cm-' shift appreciably towards lower frequencies, from the above values measured with a 476.5 nm excitation wavelength to 1500 and 1450 cm-', respectively, using a 647.1 nm radiation as source of the laser excitation.
(iii) The oxidized form shows a complex new spectral pattern in the infrared spectrum, the intensities of the new absorptions being overwhelmingly stronger than those of the pristine material. This fact can be clearly seen in Fig. 3 , where the infrared spectra of pristine and doped P3MTh are shown. The frequencies and intensities of the absorptions of both spectra have been collected in Table I. (iv) THe infrared spectrum of photoexcited P3MTh has been reported by Kim et al. l4 and shows a pattern very similar to that obtained on the chemically doped material, although in the former case the absorptions are clearer and sharper because of the complete suppression of the background and the absence of absorptions due to the counterion. As pointed out in Ref. 14, an evident one-to-one correspondence can be established between the photoinduced modes (Table I ) and the doping induced ones. 3. FTIR spectra of (a) pristine (reduced) poly(3-methylthiophene) and (b) electrochemically doped (oxidized) poly(3-methylthiophene).
III. THE STRUCTURAL AND CONFORMATIONAL PROBLEMS
The above summarized data constitute the set of experimental observables we want to analyze and interpret in light of the concepts developed in the ECC formalism. "'t6 Before applying this dynamical model one must search for a force field accurate enough to reproduce the experimental data available for the pristine polymer. In the last few years we have shown that a reasonable choice to gain insight into the common origin of all vibrational features is the adoption of semiempirical methods such as MND0i7 to derive the parameters involved in the force field of the polymer from its shorter oligomers.'*-22 In developing this systematic procedure one must previously collect and analyze all the possible information experimentally available to choose a structural model on which base the dynamical calculations.
In the field of conducting polymers, due to the low degree of crystallinity and the scarce or even absent solubility, this structural information on a given polymer is often limited. To take out this type of information from other related systems and sometimes from experiments not directly related to usual characterization techniques, it be- comes necessary to adopt some compromises in extrapolating the information to the polymer of study, the success lying in its ability to properly account for the experimentally observed facts.
Several 'H NMR spectroscopy studies on poly (3-alkylthiophenes), particularly with long alkyl side chains, have been reported.23-25 The intensities ratio of the splitting peaks assignable to the a ( 1) -methylene protons suggested that the polymer chain mainly consisted of the H-T 2,5-linked sequence [Fig. 4(b) ] but contained some amount of H-H 25linked thiophene units pig. 4(a) ].23 The observation of these authors supports previous results.24*2s Despite several x-ray works,26-28 the structure of poly( 3-alkylthiophenes) is not fully established. The main message coming from these x-ray studies of generally stretched samples is that the polymer chain is essentially planar. However, to the authors' knowledge, whether the structural pattern involves an alternating up-down model or another one, still remains undetermined. From x-ray diffraction the structure of crystalline bithiophene Th2,29 terthiophene Th3,30 and polythiophene PTh3' is known to be almost anticoplanar.
When in a 2,Slinked oligothiophene a hydrogen atom belonging to an inner ring is substituted by a bulky alkyl chain, great deviations out of planarity can occur. Lacking results from experimental conformational analyses in this class of molecules, an alternative approximation may be the study of the changes in the electronic properties induced by such conformational distortions since they strongly depend on the overlapping of r orbitals. The changes in the energy gap (EB) can be directly accessed locating the O-O transition (between band edges) in the uv-vis absorption spectra of both the substituted and unsubstituted oligothiophenes. Recently, a thorough study following this procedure has been reported by Rivola et al. 32733 Their work includes several alkyl substituted 2,5-linked oligothiophenes (where the substituted p positions are well known), some poly( 3-alkylthiophenes), as well as the linear unsubstituted oligothiophenes Th, (n= 1, 2, 3, 4, 5, and 6) and PTh. The effect of the steric hindrance by the bulky side groups on the values of Eg is analyzed in the solid state and in solution. The experimental observation collected by the authors can be summarized as follows.
(i) Because of the steric hindrance the oligomers and polymers with alkyl substitution must be conformationally distorted in the solid state, at least at the site where the alkyl group is located. In spite of such distortions the values of Eg do not change dramatically from those of the unsubstituted systems.
(ii) From solid to solution the blueshifts in Eg are practically the same for all oligothiophenes (about 0.25 eV) and are somewhat larger for the polymers (0.3-0.4 eV). This increase in the value of Eg can be reasonably ascribed to sizable changes of the torsional angles. However, solvent effect cannot be excluded.
While a detailed theoretical study of the dependence of the total molecular energy on the internal rotation is in progress34 (including ab initio methods where polarization functions for the heteroatoms are taken into account), let us proceed with some theoretical considerations as an aid for the understanding of the experimental findings by Rivola et aI.32133 It is a known fact that any semiempirical or ab initio quantum chemical method provides theoretical values larger than the experimental ones for a large amount of molecular properties. However, in a first approximation the predicted trends in the calculated values can be considered close to the experimental ones. Keeping in mind these objections, we have calculated the dependence of the bandgap energy on the internal rotation with two main purposes: ( 1) to analyze whether the @methylsubstitution plays any role in modifying the geometrical and electronic structure of the unsubstituted system, and (2) to find the law describing this dependence. We have carried out MNDO semiempirical calculations on bithiophene Thz, head to tail (H-T) ( 3-MeTh)2 and head to head (H-H) ( 3-MeTh)2 as model molecules. In the three cases a full geometry optimization has been performed, fixing at each step only the torsional angle which defines the conformation, the results are shown in Fig. 5 . From these calculations some conclusions can be drawn.
(i) The electronic modifications by the B-methylsubstitution are practically negligible, at least at the MNDO level. In any case, the substituted systems seem to present slightly better electronic properties for the conduction than the unsubstituted ones.
(ii) The largest values of Eg are found at 8= 90", where no pt overlapping takes place since the rings are orthogonal, the lowest values being located at 8=0" and 180"
(maximum rr electron delocalization). The values of Eg change very little in the range of 8 from 0" to about 20" and then increase rapidly with increasing 8. As expected the law which describes the dependence of the bangap energy on the internal rotation is defined by a cosenoidal function. As earlier said, the calculated values should be scaled for a comparison with the experiments. We discuss here only the trend in the values.
Let us now interpret the experimental observations on the basis of these theoretical "messages." The structure of crystalline oligothiophenes is known to be almost antiplanar.29-3' The fact that the values of Eg in solid alkyl substituted oligothiophenes do not differ drastically from those of the unsubstituted systems must be necessary ascribed to only small distortions from planarity (with 8 between 0" and 20") . From solid to solution the lattice forces are switched off. If the solvent effect can be completely excluded, an increase of about 0.25 eV in the value of Eg implies a conformational distortion about 50-60" from planarity. In the case of long alkyl side chains, these distortions may be induced by a random coiling of the substituents in p positions. If the alkyl chain is only constituted by C-C single bonds (without double bonds), its high flexibility could induce fast conformational changes in the polymer backbone (the inter-ring bonds have a great single character in the pristine state). Some authors3'-37 have proposed a similar process to explain thermochromism and solvatochromism observed in this class of materials.384 The flexibility of the polymer backbone is experimentally revealed by the fact that conformationally distorted polyalkylthiophenes with long alkyl side chains can still be chemically doped41 or photoexcited in solution. When the alkyl chains are short (as is the case of the methyl substitution) the coiling can exert minimal effects on the polymer conformation or does not take place, little changes in Eg from solid to solution are then expected. The experimental fact is that neither solvatochromism nor thermochromism effects have been observed in poly(3-methylthiophene) .
The discussion presented throughout this section is aimed at collecting and analyzing all the possible experimental information in order to select a structural model on which to base the following dynamical calculations on the polymer. In our opinion a simple but experimentally reasonable structural mode123V32*33 is that one constituted by the H-T 2,5-linked sequence in the all-anti-conformation.
IV. GROUND STATE EQUILIBRIUM GEOMETRIES
In a previous paper, Lopez Navarrete and Zerbi have applied the semiempirical quantum chemical method MNDO for the prediction of the ground state geometries of a few oligomers of PTh.19 In that work they compare structural, dynamical, and electronic properties as functions of the number of thiophene units which form the 1D lattice; moreover they derive a vibrational potential for the polymer from the model molecules.
In this work we calculate by MNDO the ground state geometries of the 3-methylthiophene monomer, the dimer, and the tetramer by energy minimization procedures in which all geometrical parameters are allowed to change with the exception of the torsional angles between rings. In other words, we force the molecules to be anticoplanar in accordance with the structural model we have chosen for the polymer in the solid state.
The calculated equilibrium geometrical parameters for 3-methylthiophene and H-T 2,5-linked (3MTh), molecules are provided in Fig. 6 . These calculations bring out an important difference between the conformations of the methyl groups: while in the two systems the terminal groups are in a cisoide conformation with respect to the nearest ring double bond; the inner one in the dimer feels the electrostatic repulsions by the positive charge on the sulfur atom of the adjacent ring adopting a transoide conformation to minimize these electrostatic effects. In order to account for this conformational result in extrapolating the structural information from the oligomers to the polymer, the conformation of the terminal methyl groups in the 2,5-linked (3MTh)4 tetramer has been constrained to be transoide. The optimized geometrical parameters calculated for this molecule are shown in Fig. 7 . As the last step in the analysis of the dependency of the geometrical properties on chain length, we have also optimized the geometrical parameters of the translational unit of P3MTh by means of the MNDO-CO Hamiltonian which accounts for the periodic cyclic boundary conditions of the energy band structure of the polymer. The optimized geometry shown in Fig. 8 will be used in all the dynamical calculations for the polymer.
Because of the unavailability of the experimental geometries for all the studied systems, no comparison between the theoretical results and experiments can be made. However, a previous "test" carried out on the thiophene molecule (for which the geometrical parameters are known from its microwave spectrum43) had revealed to us that in this kind of molecules MNDO is able to provide accurate results for both bond lengths and angles (see Table II ).
From our theoretical results on (3MTh), and P3MTh using, in both cases, the MNDO Hamiltonian, it is clear that the geometry of the system relaxes as the chain length increases, i.e., the ring single bonds (labeled as C in Figs. 7 and 8) shrink while the double bonds (labeled as A and B in Figs. 7 and 8) stretch, although the changes are small, more probably due to the MNDO limitations. In other words, a small contribution by the quinoid structure is achieved because of r-electron conjugation. However, within MNDO the inter-ring C-C bonds remain practically single and only a slight shrinking with increasing chain length is observed as if T electrons were still located within the rings in the pristine state.
FIG. 8. MNDO-CO optimized geometry of poly( 3-methylthiophene).
V. MOLECULAR DYNAMICS A. Methods
Once the molecular geometry has been optimized, the second step is the calculation of the corresponding harmonic force field from which normal vibrational frequencies and vibrational atomic displacements in the 3N Cartesian coordinates are derived. In the MNDO approximation, as in the rest of the quantum chemical methods, the harmonic force constants are always expressed in Cartesian coordinates. Generally, in mol- ecular dynamics internal vibrational coordinates R are adopted,w7 where R represents a set of bond stretching, angle bending, and torsional coordinates. For finite molecules local (three branches) and cyclic redundancies usually occur and can be completely removed by defining a new set of symmetry or group coordinates S, which are orthogonal to the redundancy conditions. As in the case of PTh,19 in this paper we follow the method proposed by Pulay et al.48 to remove systematically all the redundancies which occur in our systems. Moreover, the Pulay coordinates can be applied consistently to all the systems studied, oligomers and polymer, in such a way that the numerical values can be compared throughout the series of molecules.
Because of the size of the translational unit of the polymer, the only reasonable way to construct the vibrational potential function is the computation by quantum chemical methods, while the others (such as the empirical way) seem to be out of sight. Unfortunately, all quantum chemical methods, both semiempirical or ab initio, provide frequencies and calculated force constants lo%-30% larger than the experimental ones. It is then customary to introduce a set of scaling factors (which are directly applied on the force constants) in order to reduce the discrepancies between calculated and experimental data. As in previous papers, 18-22 we follow the method of scaling proposed by Pulay et al.49 All the quantum chemical programs up to time available54 provide each element in the F,(k) matrix as the resulting value from the summation but not as the particular contribution by each interacting unit cell (F, '"' ) , thus making completely impossible the systematic scaling process required to bring dynamical calculations on the polymer closer to experiments. To avoid these computational difficulties, in the past few years we have designed a strategy in which dynamical calculations are carried out on oligomers as finite molecules and then they are transferred to the polymer.'8 Despite the many calculations that must be made this systematic way has two important advantages: ( 1) Scaling factors can be successively improved on all oligomers for which we have experimental data, beginning from the smaller ones in size; and (2) when the oligomer chain is long enough the interaction force constants can approximate those of the polymer, allowing the knowledge of all the particular contributions by the interacting unit cells in Eq. (3). Similar quantum chemical approaches for the calculation of the vibrational properties of the pristine polymers have been used by other authors.55 6 . Molecular dynamics of oligomers
In the class of the polyconjugated materials, a polymer chain can be considered as a one-dimensional crystal since intermolecular forces are extremely weak compared with the intramolecular ones." Translational periodicity is accounted for by introducing the Born-von Karman cyclic conditions51-53 which allow to define phonon coordinates in terms of the 1D wave vector k. The Wilson GF matrix method can be extended to lattice dynamics. The eigenvalue equation of the one-dimensional lattice system becomes, in matrix notation The vibrational spectrum of monomer 3-methylthiophene has been the subject of very little research up to date. Moreover, as mentioned before, no structural determination of its molecular geometry has been reported. Recently we have undertaken the objective of establishing the complete assignment of the vibrational spectrum of this molecule on the basis of our experimental infrared and Raman data.56p57 This previous work has provided us with the necessary spectral information for the understanding of the dynamics and spectra of pristine P3MTh and also has allowed us to find an initial set of MNDO Pulay scaling factors which, together with those previously reported by Lopez Navarrete and Zerbi" for thiophene oligomers, will be used throughout this paper.
G,(k) = G$" + .s, ( Gg'eink+ Gpjremink) and (2)
The MNDO calculated frequencies for 3-methylthiophene, suitably scaled, are reported in Table III together with the obtained scaling factors. The vibrational analysis has been made according to the C, symmetry since, lacking any experimental determination, the MNDO optimized molecular geometry [ Fig. 6(a) ] belongs to this point group. The vibrational assignment, i.e., the pairing between experimental and calculated frequencies was guided by that proposed by Rico et al. for the unsubstituted thiophene molecule,58 the experience gained by us in other methyl-substituted heteroaromatic molecules,59@ the MNDO scaled force field, and the description of each normal mode in terms of the potential energy distribution matrix (PED) commonly adopted in molecular dynamics. The fitting between experimental and scaled frequencies can be considered very good in the light of the fact that no least-square adjustment of the force constants has been made after scaling. The details of all these calculations and the vibrational assignment will be reported elsewhere.57
where n is the cell-index defining the extent of interaction between unit cells.
Following our dynamical procedure we think that the MNDO scaled force field for the two inner rings of the tetramer could give a reliable estimate for the calculation J. Chem. Phys., Vol. 100, No. 1, 1 January 1994 of the phonon frequencies of the polymer. The vibrational problem when dealing with longer oligomers should be extremely large and unfeasible to our computational limitations. The scaling factors obtained for the monomer have been extended to the case of the tetramer and, in the case of the force constants associated to the inter-rings coordinates, they have been borrowed from the works on the oligomers of thiophene."
For sake of brevity we report in Table IV only the diagonal force constants which refer to the in-plane and out-of-plane modes of P3MTh, respectively, as calculated from the MNDO scaled force field of the tetramer. In this table we notice that diagonal force constants are very reasonable compared with the "experimental" values available in the literature on similar molecules.61 Among interaction force constants, those related to the CC skeletal stretching of the tetramer are particular interesting for the purpose of the present analysis and have been summarized in Table V. (The complete sets of calculated force constants for all the molecules studied are available upon request to the authors.) Let us proceed in what follows with the drawing of some conclusions on the structure of these materials as-TABLE IV. Values adopted (extracted from the inner part of the tetramer) for the diagonal force constants associated to the in-plane and out-of-plane modes of poly( 3-methylthiophene) (values in mdyn/A) for stretching vibrations and mdyn/&rad2 for bending, wagging, and torsion vibrations. v=stretching; 8=in-plane deformation; r=rocking; y=out-of-plane deformation; r= torsion; ip=in-plane-mode; op=out-of-planemode; s=symmetric; as=asymmetric. suming that we can safely rely on the vibrational potential of the polymer calculated, in a first approximation, from the scaled MNDO force field of the tetramer oligomer.
(1) TheratioF(C=C),2/F(C-C),3 andP(C=C),4/ J'( C-C) ,3 in Table IV are 1.14 and 1.15, respectively, and can be compared with the values 1.28, 1.17, 1.13, and 1.05 obtained in tetrathiophene," tetrafuran,22 tetrapyrrole,62 and quaterphenyle,21 respectively. In these previous works the trend in the values of these dynamical ratios was suggested to parallel the "polyenic" character of the polymer (the polyenic character has been associated with the degree of alternation of the single and double bonds). These dynamical facts can be rationalized in terms of electronegativity of the heteroatoms. The N and 0 atoms pull electrons more than the S atoms: thus Z-electrons can delocalize more along the polymer chain when lower is the electronegativity of the heteroatom. From the values obtained in the case of the tetramers of PTh and P3MTh one could associate the dynamical effect of the P-methyl substitution with a decrease of the degree of alternation of the single and double bonds within each ring, thus slightly decreasing the polyenic character with respect to the unsubstituted polymer in the pristine state. The positive inductive effect by the methyl groups could also account for the aforementioned lowering in the value of Eg with respect to the unsubstituted system. The inter-ring delocalization does, however, take place as shown by the somewhat high TABLE V. Values adopted (extracted from the inner part of the tetramer) for the interactions force constants associated with the C-C skeletal stretching of poly ( 3-methylthiophene) (values in mdyn/A) . value of the diagonal inter-ring stretching force constant F(C-C*) and also by the interactions terms between the skeletal C-C bonds of one ring and its nearest neighbor rings (Table V) .
(2) Interaction force constants rapidly decrease when the distance of interaction increases. This fact may be due to the intrinsic limitations of the MNDO method. It means that when we transfer to the polymer the vibrational constants derived from the tetramer we neglect small, but nonnegligible, contributions originated from these interactions, thus arbitrarily introducing a confinement length. An important fact is that for the C=C/C-C! skeleton the alternation of signs of the bond-bond interactions is also predicted by MNDO in agreement with that proposed by Kakitani:63 c---C//c---c and C-C/C-C interactions should be negative while C=C/C-C terms should be positive. Only the type of interaction as the one occurring between bonds 1 and 4 does not follow systematically this rule, as already noticed for oligomers of thiophene." The relatively small value of the l-7 interaction force constant makes impossible to distinguish whether it must not follow Kakitani's When P3MTh is taken as an 1D lattice of 3-methylthiophene units, all coplanar and in H-T "anti"-conformation [ Fig. 4(b) ], the repeat translational unit consists of two 3-methylthiophene rings. The factor group of such 1D lattice is isomorphous with the point group C,,. The dispersion relation of the phonons [Eq. (l)] contains 38 branches for the in-plane motions of which 36 are optical and 2 acoustical. Phonons with k=O are distributed in the following irreducible representations: 18A t (IR-Ra,p) + 18B2( IR-Ra,dp). For the out-of-plane modes we expect 20 optical and 2 acoustical branches with k=O phonons distributed as follows: lOBi (IR-Ra,d') + lo& ( Ra,u'p) . The A i in-plane k = 0 modes are expected to be selectively enhanced since the spectrum was recorded in resonance conditions.@ No experimental distinction between various infrared species can be made unless orienting the polymer by stretching.
As discussed before the geometrical parameters for the construction of the Gs matrix were calculated by means of the MNDO-CO band calculations.54 In Fig. 8 we report the complete set of optimized geometrical parameters for the translational repeat unit of P3MTh used throughout our dynamical calculations. The force field obtained from the tetramer and discussed in Sec. V B has been used for P3MTh. In the build of the force field for the in-plane vibrations we have employed a set of 206 different values of force constants, 19 of those correspond to the diagonal force constants and the rest describe the interaction force constants. At the same time, the force field for the out-ofplane vibrations has been built with 41 different values of force constants, 11 corresponding to the diagonal values and 30 for the off-diagonal ones.
The calculated phonon dispersion curves for the inplane and out-of-plane phonons of the polymer are shown in Figs. 9 and 10, respectively. The features of the phonon branches are typical of one-dimensional covalent organic crystals, i.e., there are many k independent phonon curves while some others show non-negligible dispersion, especially in the low energy range. The fact that the phonon branches are not very flat and show a non-negligible dispersion, indicates that intramolecular coupling between rings does occur. On the other hand, it has been shown'* that the value and sign of the interactions between neighboring chemical units substantially affect the shape and dispersion of the phonon branches. This means that the shape of the calculated dispersion curves are strongly dependent on the force field and, consequently, on the quantum chemical method used in the calculations.
The dynamic calculations performed above provide the way to assign the infrared and Raman active k=O phonons for infinite and perfect P3MTh. The vibrational assignment was guided by the MNDO calculated k=O frequencies and the symmetry of each eigenvector, and normal modes are described in terms of the potential energy distribution matrix and more precisely from the eigenvectors expressed in Cartesian coordinates. Moreover, the choice of the experimental frequencies to be paired with the theoretical ones was based on the following criteria.
( 1) Use is made of the vibrational information learned from the monomer 3-methylthiophene, previously studied, and from the theoretical vibrational calculations of the other superior oligomers. (2) Since the two methyl groups are far apart neither mechanical nor electronic coupling can take place between the groups, thus in-phase and out-of-phase motions are degenerate and show no splitting in the spectrum. In terms of phonon dispersion curves the phonon branches from the methyl groups are k independent and show no splitting throughout the Brillouin zone.
(3) Accidental degeneracy can also occur in the case of local modes, as is certainly the case in the in-phase and out-of-phase C-H stretching and deformation modes.
(4) It is known that in resonance conditions, the totally symmetric modes (A, in the case of P3MTh) are invariably stronger than the other modes which are extremely weak and almost undetectable in the Raman spectrum of the material.
(5) According to the ECC theory, in Raman scattering the modes which are preferentially enhanced are those which contain a contribution by the effective conjugation coordinate R (see below) and only a few of the many A, modes will be observed in the Raman spectra.
These criteria explain the relatively simple structure of the infrared and Raman spectra of the polymer if compared with the large population of modes predicted by group theory.
In Table VI of these limitations, we used the MNDO scaled force field as the best-guessed starting set for a least-squares refinement to the experimental data to improve the fitting for the in-plane A, and B, modes. The fitting process is carried out in the R space for the A, modes (see below) and in group Pulay coordinates for the B2 ones. The results are also included in Table VI. From Table VI it is possible to reach the conclusion that even the scaled MNDO force field, without any refinement, gives a reliable estimate of the infrared and Raman frequencies. In Fig. 11 we report the vibrational displacements of the A, normal modes which are more relevant for the discussion which will follow in the next section.
VI. APPLICATION OF THE EFFECTIVE CONJUGATION COORDINATE THEORY TO P3MTh
A. The ECC formalism
In the preceding section we presented the results of lattice dynamics calculations carried out on P3MTh in the pristine state. Phonon dispersion curves have been introduced and the corresponding k=O phonon frequencies have provided a vibrational assignment consistent with the experimental data. The problem which needs to be solved for this class of polymers is to account for the observed infrared and Raman vibrational spectra of the so-called doped and photoexcitated materials, which are electrically conducting. The spectra of these compounds show unusual features which cannot be understood on the basis of clas- sical spectroscopy and dynamics. This fact has been explained by the amplitude mode theory of Horovitz6' and more recently in molecular terms, new theoretical techniques have been developed by Zerbi et a1.7~9~'5~'6 by introducing the so-called effective conjugation coordinate R (ECC); the principles of this theory let us to interpret the spectra of the polymer and to discuss its optical properties in terms of its molecular structure. ECC formalism defines and "effective conjugation coordinate" R as a linear combination of the C-C and c---C skeletal bonds involved in the delocalization path, i.e., which mostly involves the rr electron delocalization along the polymer chain. The R coordinate can be defined as a linear combination of internal coordinates (R or S of Sec. V A) and can be shown that it always belongs to the totally symmetric irreducible representation (A, in P3MTh as 1D lattice) and can also be defined for shorter oligomers. In the case of dimerized systems with a doubly degenerate electronic ground state, it has been shown that R is the dimerization coordinate and modulates the HOMO-LUMO energy gap.'5p16*66 Similarly to the case of PTh6' we have defined in P3MTh the SI as that which carries the ground state "aromatic" configuration (A) to the higher energy "quinoid" state (Fig. 12) . The SI coordinate for P3MTh has the following form:
where the internal coordinates R's are defined as shown in represents the symmetry force constant related to the ECC.
For polyheteroaromatic systems the parameter Fs be- photoinduced infrared frequencies. On the other hand, from the calculations, vibrational displacements are obtained, thus providing a quantitative estimate of the contribution by the coordinate R in each phonon along the various Vi/FR branches. It has been shown9p '5'16 This is the real case of the Raman spectrum of pristine P3MTh, several branches are expected to appear with some intensity in the 1600-400 cm-'. In Table VII we show the comparison between calculated (at Fn=4.90 mdyn/A) and experimental data in both frequencies and intensities (as evaluated from Li). As can be seen the fitting between the calculated and experimental spectra is remarkably good. As in the case of polythiophene,66 we assign the weak line near 1500 cm-' to the mode SI. From the experimental Raman spectra of solid oligothiophenes70.71 we find that this mode shifts with the length of the oligomer: shows that the effective conjugation in our samples is approximately similar to that PTh and consequently, since this molecule is coplanar31 it follows that solid P3MTh may be also coplanar or slightly distorted.
Schaffer et aLT2 have published an in depth study on the ECC model from both theoretical and experimental points of view. Their experimental work on a series of linear polyenes with finite and known conjugation length let them to conclude that the variation of the Raman spectra with conjugation lengths resembles that of the Raman spectra of polyacetylene with laser frequency. These are just the concepts on which ECC model is based. An increase of the parameter FSI, indicating a confinement of P electrons, may be caused by the existence of short P3MTh chains (i.e., a distribution of chain lengths) and/or because the sample contains fractions of material with conformational defects, chemical defects or branching (i.e., a distribution of conjugation lengths).
According to the concepts discussed above, in Sec. II we have reported the experimental observation that in the Raman spectrum of the polymer, the lines attributable to the v1 and v2 modes are dependent on the frequency of the exciting line [1522 and 1470 cm-' (476.5 nm)-1500 cm-' and 1450 (647.1 nm)], dispersion with excitation wavelength is thus observed. The theory of ECC allows us to state that this dispersion to lower frequency values has to be due to an increase in the v delocalization along the SI mode which affects within this range only to the v1 and the v2 modes. Upon doping or photoexcitation conjugational defects, where the original rr electron distribution is altered, are gen erated. Domains with quinoid structure are introduced in an otherwise "aromatic" structure, consequently, the polymer chain becomes highly polarized and the local symmetry of the perturbed domain relaxes, so that some initially silent modes gain a predominant intensity in the infrared spectrum. The dynamical effects of such conjugational defects can be represented by values of FE different from those discussed before for the pristine material; within the electronically perturbed domain the effective conjugation length extends in order to decrease the electronic energy of the charge-storage species, the numerical value of FSI decreases with respect to the pristine material as if the effective conjugation length increases. Thus one can move along the dispersion curves of the A, modes toward values of Fsr lower than those of the pristine molecule. From Fig. 14 , the least-squares fitting between calculated and experimental spectra gives a value of FR = 4.0 mdyn/A for the doped material and FSI = 3.15 mdyn/A for photoexcited P3MTh. In Table VII we show the comparison between calculated and experimental data in both frequency and intensity, owing the limitations of the model the fitting can be considered satisfactory. The problems in estimating the intensity of the band at 976 cm-' and the frequency of the band at 1106 cm-i of the doped and photoexcited materials can originate from the difficulty in ac curately evaluating all interaction force constants for the to ml-symmetric inplane wagging of the CH vibration. This could result in unrealistic mechanical couplings with other normal modes leading to inaccuracy in the final results.
( 1342 cm-1)73 is slightly larger than that observed in doped P3MTh ( 1308 cm-'). The obvious conclusion is that the methyl groups induce some extension in the effective conjugation of the doped materials if compare with the unsubstituted polymer, but FR has not changed much from the oligomers to the polymers indicating that the electronic defect extends only over a few number of monomer units.
The P3MTh chains which are photoexcited give rise to infrared active bands with a spectral pattern almost identical with that induced by doping. Application of ECC formalism leads us to conclude that the conjugational defects generated by laser irradiation have similar structures as that generated by doping. The little differences in the values of the v5 and v7 modes and consequently in the Fsi value indicate that the conjugational perturbation induced in the chain by photoexcitation is somewhat more extended than that induced by doping.
VI. CONCLUSIONS
For the first time efforts have been made to reach a vibrational assignment of P3MTh in the pristine state not only based on spectroscopic intuition, but also based on a systematic and careful evaluation of the force field obtained from theoretical quantum chemical calculations. We have shown that semiempirical methods are an useful qualitative tool for gaining a general overall understanding of the electronic, structural and dynamical properties of these polyconjugated systems. Phonon dispersion curves are proposed which may indicate where neutron experiments could be useful for improving the knowledge in this field.
As pointed out in previous papers,19-22 also here the spectroscopic study brings up a very important difference between "polyenic" polymers, as is the case PA, PTh, and P3MTh, and aromatic polymers, as PPP, PPy, and PFu. In the former cases the enhancement of the SI containing modes dominates the whole infrared spectra of the doped and photoexcited materials, however, for PFu and PPy up to date synthesized the enhancement is not so dramatic and the modes from the pristine material can still be seen. Among these polymers the rr delocalization along the CC backbone is greatest in PTh and P3MTh while the P delocalization within the rings is greatest in PPP. This means that, dynamically speaking, PTh is the most similar polymers to the prototype PA and upon doping or photoexcitation the infrared spectrum is dominated mainly by the so-called "bipolaronic bands." This fact can be due to the role played by the heteroatom: lower is the electronegativity of the heteroatom greater is the electronic density on the CC backbone of the polymer chain and greater the electronic perturbation upon doping or photoexcitation.
The ECC theory provides a way to carry out in an unified way the detailed interpretation of the spectra and dynamics of P3MTh pristine, doped, and photoexcited. On the basis of ECC theory we have first proposed a vibrational assignment for pristine P3MTh and then extended the analysis to the case of the doped and photoexcited material. The fitting between experimental and calculated spectra is very satisfactory and indicates that the force field obtained in our work can be considered to be reasonable.
From the ECC theory we learn that ( 1) The effective conjugation of the rr electrons in the pristine material is not much different from that PTh and, consequently, it follows that P3MTh may be also coplanar or slightly distorted in the solid state.
(2) The samples of P3MTh studied by us are not homogeneous but contain a distribution of conjugation lengths. This information is derived from the dispersion of the Raman modes with the frequency of the exciting line.
From Fjg. 14 one notices that in the range of Fsr=4.0-3.5 mdyn/A, the coupling of the R mode with y5 and v7 modes is particularly strong because the apparent change in the slope of the two branches. The largest frequency dispersion are expected to take place for these two vibrational modes, thus providing a sensitive probe for the extent and distance of conjugation along the polymer chain. The observed value of v5 for doped Th, and doped PTh (3) The dynamical model (ECC) has shown that the spectral changes which arise upon doping or photoexcitation has a common origin: a quinoidlike structure is formed in the electronically perturbed domain in all the case. However, from vibrational spectroscopy it is not possible to decide what kind of charge-storage species, i.e., polarons or bipolarons, dynamically couples with the host lattice in each particular case. Moreover, from the observed values of the infrared spectra of doped Th,, PTh, and P3MTh one can conclude that the methyl group induces some extension in the effective conjugation of the doped material and that the conjugational defects extend only over a few number of monomer units.
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